A model system for one-step gene disruption for an asporogenous methylotrophic yeast, Candida boidinii, is described. In this system, the 3-isopropylmalate dehydrogenase gene (C. boidinii LEU2) was selected as the target gene for disruption to derive new host strains for transformation. First, the C. boidinii LEU2 gene was cloned, and its complete nucleotide sequence was determined. Next, the LEU2 disruption vectors, which had the C. boidinii UR43 gene as the selectable marker, were constructed. Of the Ura+ transformants obtained with these plasmids, more than half showed a Leu-phenotype. Finally, the double-marker strains of C. boidinii were derived. When vectors with repeated flanking sequences of the C. boidinii URA3 gene were used for gene disruption, Leu-Ura+ transformants changed spontaneously to a Leu-Ura-phenotype ca. 100 times more frequently than they did when plasmids without the repeated sequences were used. Southeru analysis showed that these events included a one-step gene disruption and a subsequent popping out of the C. boidinii URA3 sequence from the transformant chromosome.
The development of transformation systems for Saccharomyces cerevisiae (14) opened a large field for novel experiments in yeast genetics. Of special importance are gene disruption and gene replacement methods, because they allow the construction of null alleles of specific genes and the testing of sequences altered in vitro (21) . These techniques are based on homologous recombination between transforming DNA and host chromosomes.
Candida boidinii, an asporogenous methylotrophic yeast, is an attractive organism for the following reasons. (i) It is now used as a model organism for biochemical study for peroxisomal assembly, because peroxisome proliferation is easily controlled by the growth carbon source methanol and a rapid method for peroxisome purification was established (3, 9) . (ii) C boidinii is the biochemically most extensively studied methylotrophic yeast since it was the first isolated methylotrophic yeast (29) . (iii) Since methanol is a low-cost carbon source, industrial production of metabolites from methanol was extensively studied with this organism (24, 30, 31) . Despite these interesting characteristics, introduction of mutations into C boidinii has been limited to conventional methods, i.e., mutagenesis by UV or by a chemical mutagen.
The aim of the present study is to show a general method for gene disruption in C. boidinii. Previously, we developed an integrative transformation system for C boidinii with a ura3 host strain with the cloned C. boidinii URA3 gene as the selectable marker (22) . In the present study, the new auxotrophic marker gene, the C. boidinii LEU2 gene coding for 3-isopropylmalate dehydrogenase (EC. 1.1.1.85), was cloned and sequenced. The LEU2 gene was efficiently disrupted directly in the genome of C. boidinii by the LEU2 disruption vectors. In this report we describe the first demonstration of directed mutagenesis in an asporogenous methylotrophic yeast. * C. boidinii TK62 (ura3) was derived from the prototrophic strain AOU-1 in a previous study (22) . The YEPD, YNB, and 5-FOA media used for yeast growth were described previously (22) . Escherichia coli SA116 (22) , JM109 (25) , and JM110 (25) were used for plasmid propagation. E. coli cells were cultured on 2x TY medium or M9 medium (25) .
Plasmid DNAs from E. coli were isolated by the method of Birnboim and Doly (4). Cells were transformed by the conventional method of Hanahan (13) for E. coli cells. Southern analysis (27) was performed as described previously (22) . The C. boidinii LEU2 fragment was gel purified and 32p labeled by the random-primer method of Feinberg and Vogelstein (7) . Total DNA of C. boidinii was purified by the method of Cryer et al. (6) .
Cloning of the C. boidinii LEU2 gene by complementation of the E. col leuB mutation. To construct a doubly auxotrophic mutant strain of C. boidinii, we wanted to clone a gene whose disruption leads to an auxotrophic phenotype. The several yeast LEU2 genes coding for 3-isopropylmalate dehydrogenase, commonly used as a selectable marker in yeast transformation systems, were reported to complement the leuB mutation of E. coli (12, 20, 28 *** **** ******* ** *** *** *********** * * * * * * * ** ******** ** ************ C. boidinii KELNLYANLRPCNFASDKLLDLSPLKSDIVKGTDFTVVRELVGGIYFGDRVEDDG--SGF-ASDSESYSVPEVERITRMAAFLSLQNDPPLPIWSLDKAN S. cerevisiae KELQLYANLRPCNFASDSLLDLSPIKPQFAKGTDFVVVRELVGGIYFGKRKEDDG--DGV-AWDSEQYTVPEVQRITRMAAFMALQHEPPLPIWSLDKAN C. utilis KELNLYANLRPCNFASESLLDLSPIKAEVVKGTDFVVVRELVGGIYFGERKEDDG--SGV-ASDTETYSVPEVQRITRMAAFMALQHNPPLPIWSLDKAN C. mal tosa KELNLYANIRPCNFASDSLLELSPLRPEVVKGTNLIIVRELVGGIYFGDREEQEESADKQTAWDTEKYTVDEVTRITRMAAFMALQHTPPLPIWSLDKAN 300 ********* * * *** * *************** ** **** ** ******************************* * ************** [2] , 81 and 74% for Candida utilis [12] , and 74 and 74% for C. maltosa [28] ).
Although the C. boidinii LEU2 gene shows considerable DNA sequence homology with the other yeast LEU2 genes, the 5'-and 3'-untranslated regions show no significant total homology. Neither a short ORF rich of leucine codons nor a stem-loop structure suggested by Andreadis et al. (2) is present in the 5'-untranslated region of C. boidinii LEU2 gene. However, there is a sequence, GCCGGTACCGGAA CCAT at the -305 position (Fig. 1) , which shows homology with the postulated regulatory sequence in the S. cerevisiae LEU2 gene (15, 28) . A putative transcription termination signal (34) is found at the positions 1239 through 1276.
Plasmids with the 1.7-kb KIpnI-HindIII fragment complemented the E. coli leuB mutation in both directions against the lacZ promoter on the vectors (pBluescriptlI KS+ and SK+); thus, this fragment appears to have fortuitous promoter activity in E. coli. The sequences most homologous to E. coli promoter consensus sequences, the -35 (TTGACA) and -10 (TATAAT) regions (19) , were found between the initiation codon and KpnI site at positions -283 (TTGAT TA) and -258 (TATATTA).
One-step gene disruption of the C. boidinii LEU2 gene. The C. boidinii LEU2 disruption vectors pLS, pLSB, and pLSP were constructed as follows. The 654-bp SalI-BamHI fragment (the SB fragment) and the 1,049-bp PstI-SalI fragment (the SP fragment) were parts of the 3,612-bp Sall fragment harboring the C. boidinii URA3 gene (22, 23) . The SB and SP fragments were each ligated with the 3.6-kb Sall C. boidinii URA3 fragment, and the fragments obtained (4.3 and 4.7 kb, respectively) were cloned into the multiple cloning site of pBluescriptll SK+ (pSBR for the SB fragment, pSPR for the SP fragment). Insert DNAs of pSBR and pSPR were excised by SacI-XhoI digestion, and the 3.6-kb Sall C. boidinji URA3 fragment and the 4.9-kb BclI digest of pBCLEU322 were gel purified and made blunt ended with T4 polymerase. Three LEU2 disruption vectors, pLS, pLSB, and pLSP, were obtained by ligating the 4.9-kb Bcll fragment from pBCLEU322 with the 3.6-kb SalI C. boidinii URA3 fragment, the pSBR insert DNA, and the pSPR insert DNA, yielding pLS, pLSB and pLSP, respectively. These vectors had the C. boidinii URA3 gene as the selectable marker and the C. boidinii LEU2-flanking sequences (a and X fragments). pLSB and pLSP had direct repeated sequences of 654 and 1,049 bp, respectively, on both sides of the C. boidinii URA3-coding sequence (Fig. 3B) .
The DNA of each LEU2 disruption plasmid (5 ,ug) was subjected to the transformation of C. boidinii TK62 by the lithium acetate method of Ito et al. (16) . The transformation frequency with the C. boidinii LEU2 disruption plasmids was ca. fivefold lower than that observed in an integrative transformation. The ratios of the number of Leu-transformants to the number of Ura+ transformants obtained were 30/52 from pLS, 22/40 from pLSB, and 25/45 from pLSP. Thus, more than half of the Ura+ transformants showed the Leu-phenotype. To confirm that one-step gene disruption takes place in C. boidinii genome, Southern analysis with the EcoRI digest of total genomic DNA from these transformants and the leu2 ot fragment as the probe was performed. As shown in Fig. 4 , the hybridizing band representing the C. boidinii LEU2 locus shifted from 3.2 kb in the host strain to 5.7 kb in strain LS, 6.4 kb in strain LSB, and 6.7 kb in strain U R A 3 . . . . . . . . . . . . .  õ. . . , . . . . . . . . . . . ' ' ' ' ' _ . . . . LSP. This result was compatible with the assumption that site-specific recombination between the LEU2 DNAs on the chromosome and the vector occurs and that the LEU2-disruption vectors replace the host LEU2 gene. Furthermore, banding patterns also show that the LEU2 gene is encoded by a single gene in C boidinii and that C. boidinii is in a haploid state, at least at its LEU2 locus.
The banding patterns of the Leu+ Ura+ transformants were the same as those of the host strain in the Southern analysis with the C. boidinii LEU2 a fragment or the C. boidinii URA3 fragment as the probe (data not shown).
Possibly, gene conversion occurred in these transformants at the URA3 locus in a manner similar to that in integrative transformation (22) .
The nonhomologous recombination is preferred to sitespecific recombination in several yeast species, e.g., a budding yeast, Schizosaccharomyces pombe (10, 11) , and a methylotrophic yeast, Hansenula polymorpha (8) . In the transformation with C. boidinii LEU2 disruption vectors, the population of Leu-disruptants among the Ura+ transformants was high (more than 50%). The preference of sitespecific recombination to nonhomologous recombination in C. boidinii is important when this system is used for cases when the disrupted gene does not show any remarkable phenotype or is of an unknown phenotype.
Isolation of doubly auxotrophic mutant strains (leu2 ura3) by popping out of an integrated C. boidinii URA3 sequence from the transformants. Since the integrated plasmids of pLSB and pLSP had tandem repeated sequences, the C. boidinii URA3 gene of the transformants was expected to pop out from the chromosome by site-specific recombination at these repeated sequences at a high frequency (1) . Popping out of the C. boidinii URA3 gene from the transformants could be easily monitored as resistance to 5-FOA (5, 22 (5) . On the other hand, the ratios of spontaneous 5-FOAresistant mutants to the wild type in the LSB and LSP transformants were ca. 100-fold higher and in the range of 2 X i0-5 to 3 x 10-5. Strains BUL and PUL, which had been picked up as 5-FOA-resistant colonies from strains LSB and LSP, respectively, showed the Leu-Ura-phenotype. The high frequency of 5-FOA-resistant colonies in LSB and LSP transformants was assumed to be due to the site-specific recombinations between tandem repeated sequences on pLSB and pLSP that resulted in the loss of C. boidinii URA3 sequence. Southern analysis was conducted with EcoRIdigested genomic DNA from strains obtained with the C. boidinii LEU2 a fragment as the probe (Fig. 4) . The sizes of the hybridizing bands of the DNAs from strains BUL and PUL were ca. 2.8 and ca. 3.1 kb, respectively; both bands were 3.6 kb smaller than those from the parent Leu-Ura+ strains (LSB and LSP, respectively). These results were completely consistent with the results representing the popping out of the C boidinii URA3 sequence from the disrupted LEU2 locus of Leu-Ura+ strains.
The frequencies of site-specific recombinations on tandem repeated sequences were essentially the same (2 x 10-to 3 x 10-5) with two different sizes of tandem repeated sequences, the SB cassette (which had 654-bp tandem repeats) and the SP cassette (which had 1,049-bp tandem repeats). The difference between the sizes of these repeated sequences does not seem to have much effect on the frequency of site-specific recombination in C. boidinii.
Conclusion. The present study provides a general method for isolating specific mutants in an asporogeneous methylotrophic yeast, C. boidinii, with the one-step gene disruption technique described previously for S. cerevisiae (21) . The host ura3 selectable marker used for gene disruption was regenerated by positive 5-FOA selection for ura3 strains with a spontaneous site-specific recombination on tandem repeated sequences (1) .
Many selectable markers have been found in genetically well-defined organisms such as S. cerevisiae; in contrast, the host ura3 mutation has been the only selectable marker for C. boidinii (22) . In this investigation, the C. boidinii LEU2 gene was cloned, providing a new selectable marker, and then disrupted specifically. Successive introduction of two exogenous DNAs into C. boidinii would be possible with the doubly auxotrophic marker strains BUL and PUL. The investigations on autonomous replicating sequences in C boidinii with the cloned LEU2 gene and the derived leu2 strains as the host are now in progress.
To our knowledge, this is the first report describing the isolation of a specific mutant of C. boidinii by a directed alteration of the genome and the first description of a C. boidinii leu2 mutant and the LEU2 gene from a methylotrophic yeast. So far, no other C boidinii deletion mutants have been described. Theoretically, the disruption system would be applicable to any cloned C. boidinii gene for which disruption is not lethal. With the procedure described herein, sequential disruption for multiple genes in C. boidinii would be possible (1, 17, 18) . The technique would be applicable not only to the basic fields of studies on peroxisomal proliferation, methanol metabolism, and molecular regulation mechanism but also to the applied fields such as production of useful metabolites and bioconversion by cells of C. boidinii. Thus, the ability to isolate specific C. boidinii mutants would contribute greatly to the molecular biological understanding of this interesting organism with potential uses in both academic and applied fields.
Nucleotide sequence accession number. The DNA sequence of C. boidinii LEU2 gene was submitted to GenBank and assigned the accession number M98832.
